Summary of crop classifications from Landsat digital satellite images in the

Metric Conversion Factors
For readers who prefer to use metric (International System) units rather than inch-pound units, the conversion factors for the terms used in this report are listed below:
Multiply inch-pound unit By To obtain metric unit foot (ft) 0.3048 meter (m) acre 0.4047 hectare (ha) acre-foot (acre-ft) 0.001233 cubic hectometer (hm3)
INTRODUCTION
Purpose and Scope
In 1981 the U.S. Geological Survey established an experimental project to assess the possible and practical use of remote sensing to estimate evapotranspiration as an approximation of consumptive use of water in the lower Colorado River flood plain. The objectives of this project were (1) to evaluate various methods using remote-sensing data for identifying and measuring the areas of each vegetation type in the flood plain, (2) to identify water-use rates for each vegetation type, and (3) to estimate the total evapotranspiration of the study area.
The principal consumptive use of water in the lower Colorado River flood plain is evapotranspiration by crops. The majority of the irrigation water is diverted from the Colorado River into canals, and the rest is pumped either from wells on the mesa or directly from the river. Most of the water diverted or pumped in excess of consumptive use flows back to the river through drains, and minor amounts return as subsurface flows or direct runoff (Loeltz and Leake, 1983; Leake, 1984; Owen-Joyce, 1984) . Another significant consumptive use of water in the flood plain is evapotranspiration by phreatophytes that obtain water directly from the shallow water table near the river.
Consumptive use of Colorado River water was defined by the U.S. Supreme Court (1964) as follows: "Consumptive use means diversions from the stream less such return flow thereto as is available for consumptive use in the United States or in satisfaction of the Mexican treaty obligation."
Measurements of diversions from and return flows to the Colorado River, required by the U.S. Supreme Court (1964) decree, are the responsibility of the U.S. Department of the Interior, Geological Survey (Condes de la Torre, 1982) . Diversions and surface-water return flows are either measured or estimated. Subsurface return flows can only be estimated by measuring ground-water gradients and cannot be separated by source. This task has proved to be both expensive and time consuming.
Some problems of accurately calculating consumptive use within the flood plain might be alleviated if evapotranspiration could be measured or estimated directly. The problems are (1) measuring secondary diversions, (2) measuring subsurface return flows, (3) separating and crediting those return flows to the point of origin, and (4) accounting for water used by phreatophytes.method were then compared. Evapotranspiration was calculated for each method using published water-use rates for each vegetation type. These results were then compared with each other. Finally, total evapotranspiration for the study area was compared to consumptive use calculated by the waterbudget method.
Five agricultural valleys Mohave, Parker, Palo Verde, Cibola, and Yuma lie in the Colorado River flood plain between Davis Dam and Mexico. Parker Valley ( fig. 1 ) was selected as the principal test site for the experiment. Concurrent projects included a complete water budget for 1981 (Leake, 1984) and a comprehensive irrigation-efficiency 
PARKER VALLEY
The primary test site was in Parker Valley, which is located approximately halfway between Davis Dam and the southerly international boundary with Mexico. The climate and crop mix are typical for the lower Colorado River flood plain. Most of the arable land is in the flood plain east of the Colorado River in Arizona. At the time the data were collected , crops covered about 78,000 acres in this valley and phreatophytes covered about 30,000 acres.
Principal crops in Parker Valley are cotton (48 percent of the net acreage in 1981); alfalfa (33 percent); and small grains, which are mostly wheat with some barley (12 percent). Most of the remaining crops are fruits and vegetables melons, spring and fall lettuce, and minor amounts of garlic, onions, squash, tomatoes, and milo. Multiple cropping is common in the valley. The usual combinations are spring lettuce followed by cotton, milo, melons, or fall lettuce, and wheat followed by milo, cotton, or fall lettuce. Melons may, in turn, be followed by milo or fall lettuce. Because of these cropping practices, an inventory must be taken three or four times per year to accurately identify and record all crops.
Alfalfa is actively growing from February through late November or early December. Growth is minimal during December and January, and the fields are frequently used as winter pasture for sheep. A healthy alfalfa field can be mowed as often as eight times per year and frequently more than once a month during the summer. Because fields are mowed on a rotating basis, there is a very low probability of all the fields being unmowed at the same time.
Wheat is a much more uniform crop. Wheat sprouts in November or December, ripens in late April or May, and is harvested by June. The yellow stubble may remain standing in the fields for many weeks.
Cotton the principal summer crop sprouts in April and is harvested in October or November. Melons sprout in February and are harvested in June. Lettuce is harvested almost continuously from late October through March. Onions grow from January through June or July.
Saltcedar (Tamarix chinensis), mesquite (Prosopis sp.), arrowweed (Tessaria sericea), saltbush (Atriplex sp.), cottonwood (Populusfremontii), and willow (Salix gooddingii) are the principal species of phreatophytes in Parker Valley (Anderson and Ohmart, 1976) . These plants use ground water that, in 1981, was measured at depths ranging from 4 to 16 ft below the ground surface (Leake, 1984) . They grow most densely in the abandoned meanders of the river.
Crop-Classification Methods
The remote-sensing data used for the crop classifications were medium-altitude (15,000-18,000 ft) aerial photography and multispectral scanner (MSS) satellite images from Landsats 2 and 3. Six remote-sensing crop-classification methods were evaluated. The results from each of the six classification methods were compared on a field-by-field basis with the corresponding crop map to determine the number of fields and acres correctly classified.
Field reconnaissance and low-altitude (less than 5,000 ft) aerial photography were used to prepare a 1982 crop map for verifying classification of the medium-altitude photography and one Landsat crop classification. The 1981 crop map, obtained from the U.S. Department of Agriculture, Soil Conservation Service, was used to verify the rest of the Landsat crop classifications. The areas of all fields in Parker Valley were digitized at a scale of 1:24,000 from orthophoto maps that had been updated from the 1982 medium-altitude aerial photography.
Approximately 85 percent of Parker Valley is included in one Landsat scene. The area on the Arizona side of the river was considered large enough (65,000 acres of crops) for a reliable comparison of the methods and was selected as the Parker Valley test site ( fig. 2 ).
Medium-Altitude Aerial Photography
Medium-altitude color-infrared films of Parker Valley at an approximate scale of 1:32,000 were obtained for February 26, April 28, and July 10, 1982. The resolution of this photography is sufficient to identify most crops directly by their spectral differences, their density distributions 
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Evapotranspiration Estimates Using Remote-Sensing Data, Arizona and California within each cropped field, and the differences in their growing seasons. A small area in the southeastern part of Parker Valley as it appears on each of the three films is shown in figure 3 . Wheat and cotton are sensitive to soil moisture and thus to variations in soil texture. The characteristic swirling patterns in their density distributions correspond to the patterns of soil distribution in the flood plain. The gold color of senescent wheat in April is also a valuable identifying characteristic. Cotton appears dark red on infrared film in July, and wheat appears bright red on infrared film in February.
Alfalfa shows an even distribution throughout each field unless it is very young or stressed. Unmowed fields are bright red on infrared film in all seasons. Newly mowed fields have a grayish color from the drying hay, with streaks or spots of red from the sprouting alfalfa. Alfalfa can be easily misidentified, however, at certain stages of its mowing cycle. When the dry hay covers the field, even a very healthy crop can appear dead at this resolution.
In April, melon fields look like alfalfa fields on the films because of the similarity in color and ground cover. The length of the growing season is the distinguishing characteristic. The melons have been harvested by July, but alfalfa is still present. Lettuce is distinguished by its pink color on infrared film in February, and onions and garlic are distinguished by their purplish color in April.
Two visual photointerpretation methods of crop classification were tested using the medium-altitude photography. In the first method, it was noted whether or not a field had a crop on each date and, if it did, whether the crop exhibited any of the spectral characteristics discussed previously. The crops were then classified by their growing seasons and, to a lesser extent, by spectral characteristics. This approach can be used to salvage information from poor-quality films or to reduce analysis time. In the second method, a small test area of each film was calibrated by identifying each crop from the crop map and noting its spectral characteristics on the film. Each field in the rest of the test site was then compared on the three infrared films ( fig. 3 ) and its crop identified directly. This type of identification is most useful for a small number of high-quality films or when partial cropping patterns need to be known before an entire year's data are obtained.
The results from the medium-altitude color-infrared aerial photography analyses are summarized in table 1. The classified crop type for each field in the photographs was compared with the 1982 crop map. "Acreage classified" is the sum of the acreages of all fields classified as a particular crop type. "Acreage correctly classified" is the sum of the acreages of all fields correctly classified as that crop.
The aerial photography was obtained during periods of maximum ground cover for the three major crops cotton, alfalfa, and wheat. With the exception of lettuce, the minor crops did not have sufficient ground cover during any of the flights for an accurate classification. Lettuce was quite easy to identify because of its distinctive pink color on infrared film.
With one exception, the acreages of the major crops (and lettuce) were consistently overestimated. Crops were mistaken for each other because of similarities of apparent growing seasons or spectral characteristics. In such cases, the bias was toward the major crops because previous crop reports showed them to have the larger acreages. The exception was classification of alfalfa by growing season. As stated previously, when dry hay covers a field the crop appears dead; therefore, from the three observations, the growing season for that field tended to match that of some crop other than alfalfa.
"Percent of actual acreage that was correctly classified" (table 1) is the ratio of the acres actually planted to a crop to the acres correctly identified as that crop. The ratio is a measure of the ability of the methods to recognize each occurrence of a given crop. Direct crop classification gave better results because spectral characteristics are necessary for separating crops with similar growing seasons.
"Percent of acreage classified that was correctly classified" is the ratio of the number of acres classified as a particular crop to the number of acres correctly identified as that crop. The ratio is a measure of the degree of misclassification inherent in each method. Neither method gave consistently better results than the other.
The column "Lettuce/cotton" includes fields double cropped, with lettuce planted in the winter and cotton in the summer (which is the case for most of the lettuce fields). For the direct crop-classification method, the acreage correctly classified includes fields correctly classified as lettuce in the winter and cotton in the summer. This number is included in both the "Lettuce" and "Cotton" columns under the corresponding dates. For the classification by growing season, a separate lettuce/cotton class was created. Fields classified as this combination had crops in February and July but none in April. These fields are not included in the "Lettuce" and "Cotton" columns. Several of the fields misclassified as lettuce/cotton were actually alfalfa that was mowed in April but not in February or July.
Satellite Images
Five Landsat MSS images were selected for the satellite-image analyses. The acquisition dates were February 24, March 23, May 7, July 18, and October 16, 1981. Of the images available for 1981, these dates corresponded most closely to the maximum ground cover for the major crops in Parker Valley.
The MSS scans the ground as the satellite passes over and records electromagnetic reflectance in four bands of the spectrum: one in the green, 0.4-0.5 micrometers 0-tm); one in the red, 0.6-0.7 /^m; and two in the reflected near-infrared, 0.7-0.8 and 0.8-1.1 ptm. Each scan line is composed of elements, with each element containing the average reflectance of approximately a 1.14-acre (57 m by 57 m) area. The electromagnetic energy received by the sensor is converted to a digital number and then relayed to a receiving station on the ground. Each number corresponds to the average reflectance for one picture element (pixel) in one band of the spectrum plus error introduced by atmospheric conditions, sun elevation angle, and electronic noise. Sabins (1978) presents a detailed discussion of Landsat sensor design, operation, and applications.
Data reduction is particularly important for multitemporal digital analyses. A combination of all four bands from each of several images can exceed the capacity of the processing system. Two or more raw data bands may be mathematically combined into a single two-dimensional matrix to reduce the volume of data while preserving distinctive spectral characteristics of the ground cover.
MSS bands 5 (0.6-0.7 pan) and 7 (0.8-1.1 ptm) were selected from each image for the crop classifications. Healthy vegetation absorbs red radiation and reflects near-infrared radiation ( fig. 4A, B) . Water, soil, rocks, and other non- C.
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used to separate the vegetation from other types of ground cover in the image. Two crop-classification methods using Landsat multispectral images are now presented. The first method utilized the images in digital form and the second in visual (photographic) form.
Digital-Image Classification
The five Landsat MSS images were obtained in digital form on computer-compatible tape. Owing to slight variations in the satellite orbits and image geometry through time, the position of any given point on the ground also varies from image to image. The variations can be corrected by digitally registering the images to each other.
The images were displayed on a video-display terminal and common ground-control points identified. One image was arbitrarily selected as the base. The other images were then digitally registered to it by matching the pairs of groundcontrol points and adjusting the distances between them on the mapped image to equal those on the base image.
For each pixel in each image, the band 7 reflectance was divided by the corresponding band 5 reflectance and then multiplied by a constant, which produced a matrix of band ratios. Band-ratio techniques are discussed in detail in Taranik (1978) . The resultant combination is hereafter referred to as a band 7/5 ratio. The primary purpose of the constant was to standardize the images. The actual magnitude of the constant depended on the overall brightness of each image, the amount of atmospheric haze, and other variables between the images.
An example of a band 7/5 ratio for the test area on July 18, 1981, is shown in figure 4C . Pixels with high band ratios (healthy vegetation) appear very bright in the image and those with low ratios (soil, rocks, water, and other nonvegetation) appear very dark because the display assigns brightness values in direct proportion to the magnitude of the numerical data.
All the digital-image classifications were made from multitemporal composites of band ratios using the maximumlikelihood classification algorithm (Graham and others, 1985, v. 2, p. A14-A17). The program groups into classes those pixels with band ratios that are less than a prescribed minimum distance from each other on all dates. Each class represents a ground-cover type with the same spectral characteristics through time. The number of classes formed is an inverse function of the minimum-distance value. If the distance is too great, dissimilar cover types may be grouped into the same class. An unpractically large number of classes, however, may result from selecting a distance value that is too small.
After a classification is completed, each ground-cover class must be identified. Crops like alfalfa, with its variable mowing schedule, typically form several classes. Others, like cotton, with a relatively uniform appearance throughout its growing season, generally form only a few classes. A crop map from a representative subarea of the test site was used to identify and separate the various crop classes from each other and from other vegetation classes, particularly those with the same growing seasons. All fields in the test site that formed a particular class were assumed to be the crop that was represented by that class in the calibration subarea. Each class was then color coded using image processing/display techniques to produce the final crop maps.
Three multitemporal composites of band ratios covering the Parker Valley test site were classified. Results of these classifications are presented in figure 5 . The composites of dates were (1) March 23, May 7, and July 18; (2) March 23 and July 18; and (3) February 24, March 23, May 7, July 18, and October 16. These composites were selected using a crop-distribution calendar to classify the major cropscotton, alfalfa, and small grains. Other possible composites of dates might be selected to classify different crops.
The only combination of dates to satisfactorily classify cotton, alfalfa, small grains, and melons was March, May, and July ( fig. 5A ). The classification program generated 22 classes 8 were alfalfa, 2 were cotton, 1 was small grains, 1 was melons, and 10 were water, soil, rocks, phreatophytes, or pixels that included more than one cover type.
Principal causes for misidentification of crops were the variable mowing schedules of alfalfa, densities of crop cover within a field, variations in planting and harvesting times within crop types, and amount of soil moisture in fields with less than 100 percent ground cover. The distribution density of cotton varied widely; many acres of sparse cotton were classified as bare soil. Many acres of melons also were classified as bare soil because the crop cover was not dense enough in May to register on the images; furthermore, this crop was harvested by July. A June image would have been better than a May image for melons. Many of the small grains, however, would have been harvested before June and thus would not have appeared on that image.
Results from the classification of the two-date composite of March and July ( fig. 55) were as good for the three major crops as were those from the three-date composite. Less actual crop acreage was classified as bare soil than in the three-date classification. Misclassification of alfalfa with small grains increased slightly; some small grains resembled alfalfa that was unmowed in March and mowed in July. Melons have insufficient ground cover in March to be visible at MSS resolution.
The cost of obtaining raw data and the time required for analysis are less for a two-date classification than for a three-date classification. The two-date classification is sufficient for separating two or three major crops from each other and from the remaining ground cover. The dates, however, must be carefully selected to reflect differences in growing seasons in addition to spectral differences.
Least successful was the five-date classification using February, March, May, July, and October ( fig. 5C ). Theoretically, this approach should have supplied the necessary data to classify the minor crops as well as the major ones. Instead, the complexity of the data caused misclassification, especially between small grains and alfalfa, alfalfa and double-cropped lettuce and cotton, and melons and phreatophytes.
Results of the two-date and three-date classifications are summarized in table 2. The five-date classification was too poor to be calibrated.
Differences between the results of the two digital methods are slight and inconclusive. In both cases, classifications of cotton and small grains were slightly poorer than those for the methods involving aerial photography, but fewer acres of other crops were classifed as cotton or small grains. Misclassification of alfalfa was greater for the digital methods. Classification of melons was better for the threedate digital-image method than for the aerial-photography methods. Even though May is not the optimum month for classifying melons, it is better than April.
Visual Photointerpretation of Landsat Satellite Images
Landsat images can also be obtained in photographic form. Black-and-white transparencies of the red band 5 (0.6-0.7 /urn) and near-infrared band 7 (0.8-1.1 /urn) were overlaid to form a composite image for each of the five image dates previously discussed. An additional image (December 18, 1980) was used to obtain more data for alfalfa and lettuce. For each date, each field was coded as vegetated or nonvegetated onto a transparent overlay of the field boundaries. denser ground cover for wheat and cotton, respectively, than do March and July data. Lettuce apparently has insufficient ground cover in February to register well on Landsat images. Because visual-image classification requires considerable subjective judgment, the experience gained during the 1981 classification undoubtedly contributed to the improved results of the 1982 classification. Results were consistently better for the 1982 classification than for any other classification in the experiment.
Evapotranspiration by Crops
In Parker Valley, water applied to fields in excess of evapotranspiration by vegetation returns to the river by surface or subsurface flow and is available for reuse (Leake, 1984) . Consumptive use in agricultural areas may be defined as the sum of evapotranspiration by vegetation plus the surface evaporation from open water or bare soil.
Evapotranspiration by crops has been studied by the U.S. Department of Agriculture at their experimental station near Phoenix, Arizona. Erie and others (1965) have published water-use rates for each of the major Arizona crops (table 4). These rates were adjusted for climatic conditions that approximate those of Parker Valley by applying the formula developed by Blaney and Criddle (1962) Evapotranspiration calculations for this study utilized Soil Conservation Service field data for cotton, alfalfa, and small grains. Blaney-Criddle figures were used for the minor crops because better estimates were not available at that time. The classification "other" (tables 1-3) was assigned an arbitrary water-use rate of 2.0 acre-ft, which represents the average water-use rate of all the minor crops.
Evapotranspiration by crops in the Parker Valley test site was calculated as the sum of the acreages of each crop from the crop maps multiplied by the respective water-use rates. This was the standard to which evapotranspiration estimates from the various remote-sensing methods were compared. The standard was 235,062 acre-ft in 1981 and 231,209 acre-ft in 1982.
For each of the six classification methods, evapotranspiration estimates were evaluated as follows:
1. The number of acres classified for a particular crop was multiplied by the water-use rate for that crop. 2. The remaining irrigated acreage was classified as "other" and multiplied by 2.0 acre-ft. All the evapotranspiration estimates are within ±3 percent of the standards. The highest estimates of evapotranspiration are from the digital-image classifications, which had more acreage classified as alfalfa and cotton than did the other methods. Alfalfa uses nearly three times as much water as cotton and almost twice as much as small grains. Correct identification of alfalfa and cotton, therefore, is more important to the accuracy of the evapotranspiration estimate than that of any other crops in this area.
Phreatophytes
Anderson and Ohmart (1976) mapped phreatophytes in the Colorado River flood plain by species and by stand structure. For this experiment, copies of their maps were updated using the 1982 aerial photography. Phreatophytes were grouped into four classes by percentage of ground cover (0-25, 26-50, 51-75, and 76-100 percent) . The areas of each cover class and of each species were then digitized from the maps.
Phreatophytes accounted for about 28 percent of all the vegetation in the Parker Valley test site in 1981 and 1982. Many experimental projects have been designed to estimate the amount of water used by phreatophytes. Anderson (1976) gives a summary of the experimental work. Although the results vary widely, most authors agree that evapotranspiration for dense stands of most species is as high or higher than that of crops in the same area. Evapotranspiration by phreatophytes, therefore, is an important component of consumptive use of water in Parker Valley.
Most of the experimental work on evapotranspiration by phreatophytes has been done for pure stands under controlled conditions. Under natural conditions, the amount of water used by these plants depends on climate, on depth and salinity of ground water, and on rooting depth, density, stand composition, and stage of growth or activity of the plants. For these reasons, the results of experimental work are difficult to apply under field conditions. Two approaches that are based on field studies were selected to estimate evapotranspiration by phreatophytes in Parker Valley. The results are compared in table 6. In one appoach, Culler and others (1982) concluded that evapotranspiration by phreatophytes is primarily a function of stand density rather than species distribution. For areas of 100 percent phreatophyte density, the maximum water-use rate was 45 in./yr and the minimum for areas of no phreatophyte cover was 14 in./yr. Another approach was taken by the Boyle Engineering Corporation (1976) for their salinity-control study in Parker Valley. They used optimum water-use rates developed for each species in the lower Colorado River flood plain by the U.S. Bureau of Reclamation and adjusted them for the stand densities in Parker and Palo Verde Valleys.
Water-use rates developed by these two approaches were applied to the species and stand-density classes digitized from the maps in Parker Valley. The range of water-use rates from Culler and others (1982) was divided into four ranges corresponding to the four cover classes. The average value for each range was multiplied by the number of acres in the class. For the Boyle approach, the acreage of each species obtained from the updated maps was multiplied by the average water-use rate developed for that species.
The evapotranspiration estimate for phreatophytes calculated by the Culler approach was 6 percent lower than that calculated by the Boyle approach. The Boyle approach, which was developed in and for Parker Valley, was selected for this study.
Water Budget
Leake (1984) prepared a water budget for 1981 for the entire Parker Valley. He was able to measure or estimate all surface-water and ground-water diversions and return flows, tributary and ground-water inflow and outflow, precipitation, and open-water evaporation. The residual term in this budget was consumptive use. The crop map for the entire valley east of the river was used to compare evapotranspiration estimates with consumptive use calculated by the water-budget method. Consumptive use in Parker Valley as calculated from the water budget developed by Leake was 392,100 acre-ft. Evapotranspiration calculated from the complete Parker Valley crop map and the phreatophyte maps was 327,000 acre-ft; the difference (65,100 acre-ft, or 17 percent) is due in part to lack of information about evaporation from bare soil (Leake, 1984, p. 25) . Some fallow fields in Parker Valley are irrigated to preserve soil texture and leach out salts. This evaporation term is extremely difficult to estimate and was not included in the evapotranspiration calculations made from the crop map. Another contributing factor to the difference is the absence of winter crops particularly lettuce from the 1981 crop map.
PALO VERDE VALLEY
Subsequent to the Parker Valley analysis, a crop classification was made for a part of Palo Verde Valley ( fig. 6 ) using only the three-date digital-image method. The purpose of the classification was to verify the accuracy of the method in another area where-a more complete crop map for 1981 was available. The three-date classification in Palo Verde Valley was slightly more accurate overall than that in Parker Valley. A higher percentage of melon acreage was identified, but a higher percentage of other crops was misidentified as melons. Accuracy of the lettuce/cotton classification was similar to that of melons.
Palo Verde Valley had more crops with similar growing seasons than did Parker Valley. In two cases, the classification program grouped such crops together: tomatoes with melons, and citrus trees with alfalfa. The combined acreage of tomatoes and citrus is less than 2 percent of the total crop acreage in the test site. In other areas where these crops are more common, however, misclassification could have a significant effect on results.
Evapotranspiration by Crops
Evapotranspiration by crops in the Palo Verde Valley test site estimated from digital-image analysis was 165,191 acre-ft. Evapotranspiration calculated from the crop map was 167,210 acre-ft, a difference of 1 percent. The accuracy of the evapotranspiration estimate depends on the acreage classified as a particular crop. The acreages classified were closer to the true acreages for the corresponding crops in Palo Verde Valley than in Parker Valley particularly for cotton and alfalfa, which are the major crops. The high wateruse rate of alfalfa compared with that of other crops means that fluctuations in its acreage have more effect on total evapotranspiration than do water-use rates of other crops. Alfalfa constituted 28 percent of the total test-site acreage in Palo Verde Valley compared with 33 percent in Parker Valley. The effect of estimating alfalfa acreage correctly was therefore slightly reduced in Palo Verde Valley.
Because of the dates selected (March, May, and July), the images cannot include any crops planted after July and harvested before March. The only such crop with significant acreage in the Palo Verde Valley test site was fall lettuce. Evapotranspiration by fall lettuce as calculated using the crop map was slightly less than 1 percent of the total evapotranspiration. In areas where evapotranspiration by fall crops is significant, a fall image should be included in the analysis.
Water Budget
A water budget for 1981 was prepared for Palo Verde Valley by Owen-Joyce (1984) utilizing an approach similar to that of Leake (1984) . The residual term in this budget was also consumptive use. Consumptive use calculated from the water budget developed by Owen-Joyce for the part of the valley drained by drainage ditches was 451,900 acre-ft. Evapotranspiration calculated from the Palo Verde Valley crop map and phreatophyte map was 403,800 acre-ft a difference of 48,100 acre-ft, or 11 percent. Owen-Joyce (1984, p. 29) states that the most probable reason for the discrepancy is 
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DISCUSSION
Comparison of Methods
On the basis of the foregoing analyses, evapotranspiration can be estimated by using various classification and processing methods on remote-sensing data and water-use rates developed in the field. Selection of the optimum data set and method for a particular project depends on the size of the project area, the degree of accuracy required, and the type of labor and equipment.
No method gives error-free results. Even field reconnaissance is subject to errors of observation and transcription. In addition, agricultural practices vary. A particular field may be abandoned or replanted after the observation is made. Field reconnaissance yields the most accurate crop identifications but is very time consuming. Used with some spot checking on the ground, low-altitude aerial photography is nearly as accurate and is much faster than field reconnaissance because it allows easy access to remote areas. Neither method is practical for making an annual inventory and acreage calculation for crops in an area the size of the lower Colorado River flood plain.
The best classification of lettuce was from mediumaltitude aerial photography. Interpretation of aerial photography and photointerpretation of Landsat images are good methods for classifying minor crops, such as lettuce and melons, if image dates are selected for maximum ground cover of these species.
Of the eight classification methods used, visual photointerpretation of Landsat images had the lowest cost for obtaining and analyzing data for Parker and Palo Verde Valleys. Aerial photography had the highest cost for obtaining and analyzing data. Digital-image analysis is intermediate in cost if the necessary computer facilities are available; otherwise, image-processing costs must be included.
Analyses of aerial photography and photointerpretation of Landsat images require considerable subjective judgment. If the same analyses are performed by different individuals, results can vary. The digital-image analyses require little subjective judgment, and results can be reproduced with greater precision.
Visual photointerpretation of Landsat images is a quick and inexpensive way to map crops in a few fields but is much too slow for large areas. Aerial photography is particularly good for precise identification in small areas but has the same problems as visual photointerpretation, in addition to a higher acquisition cost. For the lower Colorado River flood plain, satisfactory results for the most reasonable investment in time, labor, and cost were obtained from digital-image analysis.
Evapotranspiration estimates in this study were good because regional water-use rates for crops in this area have been established by field studies and because the test sites were large enough for the average water-use rates at the sites to approach the regional averages. This method would not be as reliable in areas where (1) regional water-use rates are not well known or (2) the average evapotranspiration in the study site is not known and differs from the regional average. For these cases, water-use rates must first be established by methods such as soil-moisture depletion, energy budgets, or water budgets.
Discussion
